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dsRNAThis paper reports a concatemeric RNA in a strain of epizootic haemorrhagic disease virus (EHDV) serotype 5.
Sequencing showed that the concatemeric RNA contains two identical full-length copies of genome segment
9, arranged in series, which has apparently replaced the monomeric form of the segment. In vitro translation
demonstrated that the concatemeric RNA can act as a viable template for VP6 translation, but that no double-
sized protein is produced. Studies were also performed to assess whether mutations might be easily intro-
duced into the second copy (which might indicate some potential evolutionary signiﬁcance of a concatemeric
RNA segment), however multiple (n=40) passages generated no changes in the sequence of either the up-
stream or downstream segments. Further, we present results that demonstrate the presence of concatemers
or partial gene duplications in multiple segments of different orbiviruses (in tissue culture and puriﬁed
virus), suggesting their generation is likely to be a normal feature of orbivirus replication.munity, Columbia University,
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The genus Orbivirus was ﬁrst proposed in 1971 by Borden et al.
(1971), and includes several viruses capable of causing signiﬁcant
diseases of veterinary importance; both in wildlife populations and
domestic livestock (Darpel et al., 2007; Maan et al., 2008; Mertens
et al., 2006; Pittman, 2007; Stallknecht et al., 1995; Yadin et al.,
2008). These include: bluetongue virus (BTV), African horse sickness virus
(AHSV) and epizootic haemorrhagic disease virus (EHDV) (Mertens et al.,
2005). These species all share icosahedral capsids (Verwoerd et al.,
1972), ten-segmented dsRNA genomes (Huismans et al., 1979; Mecham
andDean, 1988;Mertens et al., 1984), and the ability to exchange their in-
dividual RNA segments with othermembers of the same species in a pro-
cess known as reassortment (Mertens, 2004). They also share a common
transmission strategy, and are vectored between mammalian hosts via
Culicoides biting midges (Mellor et al., 2000). Further, like all dsRNA vi-
ruses, orbiviruses are characterised by their highly stable viral core,inside which they are able to perform covert transcription of their
own dsRNA to prevent the initiation of host-cell responses to infec-
tion (Mertens and Diprose, 2004). Collectively, these biological features
make the orbiviruses an interesting target for the study of viral evolution
because of the range of selective pressures they presumably impose on
the virus.
Orbiviruses accumulate genetic diversity via numerous mechanisms.
These include synonymous and non-synonymous mutations, genome
segment exchange (reassortment), recombination, partial gene duplica-
tion and deletions in both coding and non-coding sequences (Anthony
et al., 2009a, 2009b; Eaton and Gould, 1987; Mertens, 2004). The extent
to which any of the resulting changes then become ﬁxed in the genome
are inevitably inﬂuencedby the need tomaintain (or increase) overallﬁt-
ness of the population. For the orbiviruses, the requirement to infect
both mammalian and insect host systems, or the need to hide and rep-
licate their dsRNA genomewithin a structurally conserved core particle,
provide examples of where purifying selection may act to preserve the
genetic status quo, and prevent signiﬁcant changes from becoming in-
corporated into the population; at least on a regular basis.
One such change may include the formation of RNA concatemers,
which are formed, but rarely incorporated successfully into progeny
particles. Concatemers are duplex RNA molecules formed with two
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tail orientation. They have been reported in several different members
of the family Reoviridae (the reoviruses), generally following viral pas-
sage in tissue culture (Alam et al., 2008; Cao et al., 2008; Desselberger,
1996; Eaton and Gould, 1987; Gault et al., 2001; Kojima et al., 2000;
Murao et al., 1996; Schnepf et al., 2008; Troupin et al., 2011). Although
concatemers are rarely reported for the different orbivirus species, the
mechanism(s) involved in their formation, or the functional advantages
theymay offer the virus, if any, have yet to be fully understood. As such,
there is considerable interest in the genetic variability they offer the
virus and the evolutionary signiﬁcance of their existence. This report
describes the characterisation of a concatemeric RNA in a strain of
EHDV (AUS1977/01), which to our knowledge is the ﬁrst such report
for this species.
The concatemer in AUS1977/01 was ﬁrst identiﬁed following an
anomalousmigration of the 10 dsRNA segments on 1% agarose (Anthony
et al., 2010, 2009a). EHDV isolates can usually be divided topotypically
into eastern and western groups based on the migration pattern of
their dsRNA during agarose gel electrophoresis (AGE) (Anthony et al.,
2009a). In western strains of the virus (including those isolated from
the Middle-East, Africa and the Americas), RNA segments 7, 8 and 9 co-
migrate at a position equivalent to ~1.15 kb. In eastern strains (those
from Indonesia, Australia and Japan), RNA segments 7 and 8 co-migrate,
while segment 9 runs slightly faster at ~1.07 kb. AUS1977/01 (strain:
CSIRO 157) was isolated in Australia (St. George et al., 1983), and as
an eastern strain should have a migration pattern similar to that of
the other eastern strains (Anthony et al., 2009a). However segment 9
has disappeared from its expected position below segments 7 and
8 and a new band has appeared above segment 4; at ~2.2 kb. It is signif-
icant that this ‘new’ band appears to be exactly double the size of seg-
ment 9 and suggests that this genome segment has concatermerised,
and replaced the monomeric version.
In this report we demonstrate that the new 2.2 kb RNA segment in
AUS1977/01 is the result of a duplication of genome segment 9. This
segment codes for the viral helicase VP6, which along with VP1 and
VP4 form the viral transcriptase complex — located on the inner sur-
face of the core particle at each of the 12-icosahedral vertices. Herewe
show that this larger, concatemeric form of segment 9 produces a normal
size VP6.We further providedata on the generation of concatemers in dif-
ferent genome segments, and the related virus, BTV. Possible explanations
as to why some genome segments duplicate, and the signiﬁcance of such
concatemers for orbivirus replication and evolution are discussed.
Materials and methods
Viruses and viral passage
Virus strains
The isolate used in this study was AUS1977/01, an Australian strain of
EHDV serotype 5. The virus has been adapted to tissue-culture, although
an accurate passage history is not available. In addition, the following
EHDV and BTV viruses were used: EHDV — AUS1979/05 (serotype 2),
BAR1983/01 (serotype 6), and AUS1981/06 (serotype 7); BTV —
RSArrrr/01 (serotype 1) and RSArrrr/16 (serotype 16). All viruses were
obtained from the dsRNA virus collection at the Institute for Animal
Health (IAH) in Pirbright and are fully described on the dsRNA website
maintained by the IAH: http://www.reoviridae.org.
Viruseswere grownon conﬂuentmonolayers of BabyHamster Kidney
(BHK) strain-21 cells in 175 cm2 ﬂasks; supplemented with 5% adult bo-
vine serum, 5% tryptose phosphate broth and 1% antibiotics (100× peni-
cillin and streptomycin solution: Sigma). Monolayers were infected
with ~105.5 Tissue Culture Infections Doses 50 (TCID50) per ﬂask and
maintained at 37 °C until complete cytopathic effect (CPE) was observed
(approximately 72 h). Final virus titres were ~106.5 TCID50/ml (total vol-
ume50ml=~500×total ampliﬁcation of virus).Where used, puriﬁed vi-
ruses were prepared as previously described (Mertens et al., 1987).Passage experiment
Virus strain AUS1977/01was passed at both a high and lowmultiplic-
ity of infection (MOI) in 175 cm2 BHK conﬂuent monolayers. High MOI
inoculum was deﬁned as 1 ml of undiluted tissue-culture virus at
~106.5 TCID50. The low MOI was deﬁned as ~101.5 TCID50, which repre-
sents the 100% end point of infection following a log (×10-fold) dilution
of the virus in BHK-21 cells— i.e. the last dilutionwhere all replicatewells
(n=4) showed CPE. Viral RNA was extracted from infected cells using
Trizol® LS reagent, as described previously (Attoui et al., 2000), and
assessed for any changes in the migration pattern of the RNA during 1%
AGE.RNA extraction and analysis
Whole and fractionated RNA extractswere prepared.Whole RNAwas
extracted from the cell pellet of an infected 175 cm2monolayer showing
100% CPE, using Trizol® LS reagent as described previously (Attoui et al.,
2000). RNA was then analysed on 1% AGE, with 0.5 μg/ml ethidium
bromide.
RNA was fractionated by separating the 10 genome segments on 1%
AGE. Concatemeric and monomeric segment 9 RNAs were cut out and
puriﬁed from the gel using GFX DNAGel Puriﬁcation Columns, according
to the manufacturer's protocol.Sequencing
The likely structure of concatemeric RNAs (i.e. two copies in a sin-
gle molecule) presents signiﬁcant problems for PCR and sequencing
because gene-speciﬁc primers can bind to the same point in both
halves of the RNA. It would therefore be impossible to determine
which half of the concatemer a stretch of sequence belongs to. Indeed
it would most likely represent a consensus of both versions of the
sequence.
The sequence of the concatemer was generated using the anchor
primer methodology, as previously described by Maan et al. (2007).
Brieﬂy, all ten segments of viral RNAwere resolved on 1% AGE overnight
at 4 °C to ensure thorough separation of all segments. The concatemer
RNAwas excised from the gel and puriﬁed using GFX columns according
to the manufacturer's protocol. Complementary (c)DNA of the entire
concatemer was synthesised by ligating an oligonucleotide ‘anchor-
primer’ to the 3′ of each strand; which subsequently self-primed the
transcription of the concatemer into cDNA. The sequence of the anchor
and ligation protocol is described elsewhere (Maan et al., 2007). The
concatemer was ampliﬁed by PCR using primer 5-15-1 (again, see
Maan et al., 2007), and the full-length concatemer (~2.2 kb band) cut
out, puriﬁed, and subsequently digested with a single-cutter enzyme
(in this case, HaeIII) to generate three fragments of different sizes. All
fragments were resolved on 1% AGE and cloned into Zero Blunt® PCR
Cloning Kit (Invitrogen) and sequenced on a 3730 capillary sequencer
(Applied Biosystems) using standard M13 FWD and RVS primers.In vitro translation
Both whole and fractionated RNA were translated in vitro using a
method based on that described by Pelham and Jackson (1976). 2–
3 μg of puriﬁed EHDV RNA was re-suspended in 3 μl of sterile, nucle-
ase free water. The dsRNA was denatured in a ﬁnal concentration of
10 mM methylmercuric hydroxide (MMOH) for 10 min, and 0.35 M
β-mercaptoethanol. The denatured RNA was added to 33 μl of the rab-
bit reticulocyte (Promega) and 2 μl of S35-methionine (GE Healthcare;
530 MBq/ml), and was incubated at 30 °C for 90 min. Samples were
analysed on 10% polyacrylamide gel electrophoresis, as described previ-
ously (Laemmli, 1970).
166 S.J. Anthony et al. / Virology 420 (2011) 164–171Screening for low level concatemers
RT-PCRwas used to search for the presence of concatemers in other
segments and other viruses (including BTV, and in tissue culture and
puriﬁed virus). The approach was to target three different fragments
(upstream segment [A], downstream segment [B] and the middle/join
region [C]), using primer pairs that could only work on concatemeric
RNA molecules. For fragment [A] of each chosen segment/virus, a for-
ward primer was designed against the 5′ terminus of the upstream
copy, and coupled with a reverse primer partially complementary to
the 5′ terminus of the downstream copy (24 bases), and partially to
the 3′ terminus of the upstream copy (2 bases). The same approach
was taken to target fragment [B]. For fragment [C], a reverse primer
was designed to bind upstream of the forward primer, such that it could
only amplify a product from a concatemeric (or circular) RNA. Primers
were designed using data from the recently completed full-genome
EHDV database (Anthony et al., 2009a, 2009b, 2009c). RT-PCR ampliﬁca-
tionwas achieved using the Qiagen One-Step RT-PCR kit, according to the
manufacturer's protocol.Results
RNA migration proﬁle of AUS1977/01
In eastern strains of EHDV, RNA segment 9 usually migrates in 1%
agarose at a position equivalent to ~1.1 kb (Fig. 1). In AUS1977/01,
segment 9 has disappeared from this position and instead an RNA
band migrating at 2.2 kb has appeared (Fig. 1); suggesting concater-
merisation of the segment.Fig. 1. RNA gel proﬁles of EHDV isolates on 1% AGE. RNA proﬁles differ between west-
ern and eastern strains of EHDV. Lane 1=NIG1968/01. This reﬂects the typical ‘west-
ern’ RNA proﬁle of EHDV, where genome segments 7, 8 and 9 all co-migrate at
~1.15 kb. Lane 3=AUS1981/07. This reﬂects the typical ‘eastern’ RNA proﬁle of
EHDV, where segment 9 runs below segments 7 and 8 at ~1.07 kb. Although less pro-
nounced, eastern and western strains can also be differentiated based on the migration
of genome segment 5, which is larger in western strains. Lane 2=AUS1977/01 (east-
ern virus). As an eastern virus, the RNA proﬁle shown in lane 2 should have the
same RNA proﬁle as seen in lane 3. However, segment 9 appears to have concatemerised
into a double-sized duplex RNA and now runs at ~2.2 kb.AUS1977/01 grows normally in BHK-21 cells
The full-passage history of the AUS1977/01 isolate is not
known, despite attempts to trace it completely. We do know the
isolate has been passaged according to the following history:
BHK7/BK4/BHK2/Mouse1/BHK4 — although it is not known if this repre-
sents the entire passage history from its original isolation in 1977 to the
present. When grown on BHK-21 cells the virus generally causes com-
plete cytopathic effect (CPE) within 3–4 days, and grows to titres of
~105.5–106.5 TCID50; consistent with that seen for other EHD viruses
in mammalian cells.
Segment 9 PCR generates the monomer
Attempts to amplify the entire 2.2 kb RNA by PCR using segment 9
terminal primers resulted primarily in the production of a cDNA band
at 1.1 kb; the size of a single copy of segment 9 (data not shown). It
appears likely that if the new RNA segment is essentially a dimer of
an original (monomeric) segment 9, it would contain priming sites
at the end of each monomer. Assuming that the shortest product
will be synthesised more efﬁciently than the full-length version, the
cDNAs generated by PCR (using terminal primers), would predomi-
nantly represent the monomer.
Sequencing the concatemeric RNA segment 9
The 2.2 Kb band from AUS1977/01 was sequenced in three parts,
as described in the Materials and methods (see ‘Sequencing’). This
revealed the presence of a duplex molecule (concatemer) consisting
of two identical versions of segment 9, in a 5′-3–5′-3′ arrangement
(Fig. 2). The VP6 open reading frame (ORF) is intact for both the up-
stream and downstream segments, together with the conserved 5′
and 3′ terminal hexanucleotides. The full-length sequence of the con-
catemer has been submitted to the international database, and assigned
the accession number AM745035.
In vitro translation of concatemeric RNA
The protein(s) encoded by both the concatemeric and monomeric
forms of segment 9were characterised after denaturation and translation
in vitro in a rabbit reticulolysate system. The translation products from
the concatemeric virus (AUS1977/01) and a virus exhibiting the ‘charac-
teristic’ eastern segment 9 monomer (AUS1979/05) were compared.
Whole un-fractionated RNA from each virus, as well as the gel-puriﬁed
segment 9 (or concatemer) was translated in each case. The results pre-
sented in Fig. 3 show that VP6 was successfully translated from both vi-
ruses, conﬁrming that both the monomeric and concatemeric segment
9 RNAs are viable templates for protein translation. The results show
that no double-sized protein has been translated from the concatemeric
RNA.
Passage of AUS1977/01 at high and low MOI
In order tomeasure and compare the rate of change (if any) in the up-
stream versus downstream copies of the VP6 gene, AUS1977/01 was sub-
jected to×40passages in BHK-21 cells at bothhigh and lowmultiplicity of
infection (MOI). After each pass the dsRNAwas assessed for any changes
in the migration pattern of the RNA segments during AGE; including fur-
ther concatemerisations or signiﬁcant insertions and deletions.
The results presented in Fig. 4 demonstrate there were no phenotypic
changes to the RNA of the low MOI viruses after 40 passes. However
changes were seen in the high MOI passes. Firstly, the appearance of a
band below segment 6 (at ~1.6 kb, see γ Fig. 4) and the simultaneous dis-
appearance of segment 10 (at ~0.85 kb, see β in Fig. 4) by passes 30–35;
suggesting that segment 10 had also concatemerised to form a duplex
molecule (Fig. 4). A separate phenotypic change was also detected from
Fig. 2. Schematic of the segment 9 concatemer in AUS1977/01. Two full monomers, arranged in a 5′-3′–5′-3′ series. Terminal hexanucleotides are conserved for both monomers.
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ments 7 and 8 (at ~1.2 kb, seeΩ Fig. 4). This band is too small to represent
a complete concatemer of anyof the EHDV segments and is therefore like-
ly to represent a defective RNAmolecule, generated by a signiﬁcant dele-
tion in one of the larger RNA segments, or the partial duplication of a
segment. A ‘bottleneck’ was introduced by passing the virus twice at a
log dilution of ×10−5 (~101.5 TCID50). Within just one bottleneck pass,
the RNA proﬁle of the virus was returned to that of the pass 1 virus
with the loss of both the segment 10 concatemer, and the defective inter-
fering RNA (Fig. 4). The segment 9 concatemer was not affected by the
bottleneck pass, and did not revert back to the monomeric form (Fig. 4).
The concatemeric segment-9 of the pass 20 and 40 viruses were then se-
quenced (both high and lowMOI). No changes in the upstream or down-
stream sequences were detected.
Evidence of concatemers in other segments and other viruses
The results presented above demonstrated that concatemers could
be generated readily during tissue culture passage. This raised questionsVP6
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Fig. 3. Assessment of the proteins translated from concatemeric and non-concatemeric
RNA. Lanes 1 and 2=AUS1979/05 which has a non-concatemeric (monomer) segment
9. Lanes 3 and 4=AUS1977/01 which has the concatemeric segment 9. For both virus-
es, whole RNA preparations, containing all 10 RNA segments, were translated in vitro in
a rabbit reticulolysate system (lanes 1 and 3). In lane 2, the monomeric segment 9 was
puriﬁed from the other segments of AUS1979/05 and translated into VP6. In lane 4, the
concatemeric segment was puriﬁed and translated into VP6. Both the single and con-
catemeric RNA segments produced VP6 of the expected size. The puriﬁed concatemer
also produced a faint protein band at ~74 kDa (B) This is likely to be contamination
with VP4, as the RNA segments coding for both products run closely together in AGE
(Fig. 1). Note: VP7 for strain AUS1977/01 is smaller than all other known EHDV VP7
homologues (Anthony et al., 2010). All translations were labelled with S35-Methionine
and analysed by running on 10% PAGE, followed by autoradiography.about whether concatemers might be present in low levels for all seg-
ments, and all viruses — i.e. are they a natural part of replication or a
chance genetic event?
PCR was used to search for the presence of low-level concatemers
in other segments and other viruses. This strategy was tested on mo-
nomeric segment 9 to ensure that it would only work on concate-
meric molecules. Monomeric versions of segment 9 should not have
the ‘unique’ primer-binding site that is present at the joint of a conca-
temeric RNA. No bands were detected, demonstrating that the tech-
nique is speciﬁc for concatemeric RNA.
Initially primers were designed against segment 9 of a western
virus (BAR1983/01: AM745075), and were used to amplify the three
sections (A, B+C) from whole RNA extracted from an infected
monolayer. Bands of the expected size were detected for all three sec-
tions— i.e. the upstream (A), downstream (B) and join (C) regions re-
spectively (Fig. 5). Subsequent sequencing of product C (the join
region) conﬁrmed the presence of a concatemeric link, with the 3′
terminus of one segment 9 molecule being followed immediately by
the 5′ terminus of another.
In order to assess whether this was a segment-speciﬁc phenome-
non, primers were also designed for segment 10 of the same virus
(BAR1983/01: AM745076) and concatemers were also found for this
segment. When the RNA-template was electrophoresed on 1% AGE,
there was no evidence of concatemeric segments (data not shown).
They could only be detected by PCR, suggesting low-level presence of
these molecules in the RNA. Again, sequencing of product C conﬁrmed
the presence of a concatemeric link between two segment 10molecules.
Another eastern virus, AUS1981/06, was also screened for conca-
temers of both segments 9 and 10 (accession #: AM745055 and
AM745056 respectively). In both cases, PCR ampliﬁcation detected
products A and C, but not product B (Segment 9 data shown in
Fig. 5. Segment 10 data not shown). This suggests that the 3′ primer-
binding site for the downstream segment is missing. The ampliﬁcation
of product C conﬁrms that a second segment had indeed been ‘started’,
but the lack of a 3′ (downstream) primer-binding site suggests that it
was not ﬁnished — i.e. that the duplication in AUS1981/06 is a partial
duplication and not a full concatemeric copy. These data therefore sug-
gest the presence of both full and partial genome duplications during
EHDV replication.
This strategywas subsequently expanded, and primerswere designed
to include BTV (both eastern and western strains), more RNA segments
and both tissue-culture supernatant and puriﬁed viruses, and the results
are summarised in Table 1. Gene duplications were detected in EHD and
BT viruses — including both eastern and western strains. They were
detected in multiple segments, including large, medium and small sized
segments, and theywere also detected in both tissue-culture supernatant
virus and puriﬁed virus particles (Table 1). While full concatemeric RNAs
were detected (i.e. two-full length copies covalently linked), the majority
of duplications seenwere partial copies. No full-length concatemerswere
detected in segments larger than segment 9.
Discussion
An Australian isolate of EHDV serotype 5 (AUS1977/01) has been
identiﬁed that has lost genome segment 9, and has instead acquired
a new RNA segment migrating just above segment 4; at ~2.2 kb. The
AUS1977/01 passed at low MOI 
AUS1977/01 passed at high MOI 
Pass        
Pass       
1 
2 
x2 low MOI passes 
3 
Pass      
Seg-1
Seg-2
Seg-3
Seg-9 Concatemer
Seg-4
Seg-5
Seg-6
Seg-7&8
Seg-10
1 5 10 15 20 25 30 35 40
1 5 10 15 20 25 30 35 40 41 42
Fig. 4. Multiple passage of AUS1977/01 at high and low MOI. AUS1977/01 was passed 40 times in BHK-21 cells at high MOI (~106.5 TCID50) and low MOI (~101.5 TCID50). After 40
passes at low MOI no changes in the phenotype of the RNA proﬁle could be detected. After 40 passes at high MOI changes were seen in the RNA proﬁle of AUS1977/01. These in-
cluded the disappearance of segment 10 (~850 bp, β) and the simultaneous appearance of a band below segment 6 (~1.6 kb, γ)— suggesting that this segment has concatemerised.
In addition, another band appeared just above the co-migrating segments 7 and 8 at pass 25 (Ω). This band is too small to represent a full concatemer of even the smallest segment,
and is likely to be a defective interfering (DI) RNA. The ×40 high MOI virus was then subjected to a bottleneck of ×2 lowMOI passes, which reverted the phenotype of the virus back
to that of the pass 1 virus. RNA was run on 1% AGE and stained with ethidium bromide. The end lanes represent a 1 kb DNA ladder.
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length copies of the segment 9 sequence, arranged in series in a ‘head to
tail/head to tail’duplexmolecule. In vitro translation experiments demon-
strated that the concatemeric RNA can act as a viable template for VP6
translation, but that no double-sized protein is produced. Further studies
were performed to assess the potential evolutionary signiﬁcance of a con-
catemeric RNA segment. Multiple (n=40) passages generated no
changes in the sequence of either the upstreamor downstream segments.
However, what appeared to be concatemers and/or partial gene duplica-
tionswere detected inmultiple segments, of different orbiviruses (includ-
ing eastern and western strains) and in both tissue-culture supernatant
virus and puriﬁed virus.
Reports of concatemers in orbivirus genome segments are rare,
however Eaton and Gould (1987) reported examples in segment 9
of Bunyip Creek virus (a member of the Palyam virus species) and seg-
ment 10 of BTV type 21. Such head-to-tail duplications have also been
reported in the S12 gene of rice dwarf virus (genus: Phytoreovirus)
(Murao et al., 1996), in the orthoreoviruses (Desselberger, 1996), in
rotavirus strains from both chronically and acutely infected immuno-
deﬁcient children and animals (Bellinzoni et al., 1987; Hundley et al.,
1987; Pedley et al., 1984; Pocock, 1987; Schnepf et al., 2008; Thouless
et al., 1986), and from rotavirus strains that have undergone serial
passage in cell culture at high multiplicity (Alam et al., 2008; Cao
et al., 2008; Hundley et al., 1985; Kojima et al., 2000; Troupin et al.,
2011). Unlike the concatemer seen here in AUS1977/01, most of
these reports represent partial duplications arranged downstream of
the ORF stop codon; or occasionally an inter/intra-genic recombina-
tion within the ORF, which (usually) resulted in a defective segment
(Cao et al., 2008).
The discovery of concatemers (both full-length and partial) in
multiple segments of different orbiviruses, including puriﬁed virus,
suggests that their production is a normal part of the replication pro-
cess, and that they are not just produced as an artefact of passage intissue-culture. This is supported by a recent study on gene rearrange-
ments in type A rotaviruses, which demonstrated the presence of
gene duplications in clinically infected children — suggesting that
such rearrangements are produced during normal reovirus infections
(Schnepf et al., 2008).
The speciﬁc mechanism by which concatemers are formed is un-
known. One hypothesis is that they are produced following an error
during transcription, where the polymerase complex fails to terminate
after one round of transcription, and instead continues on to produce
a second copy of the sequence before the ﬁrst is released. Indeed, it
has been suggested that each of the 10 dsRNA segments is associated
with a single polymerase complex, which continuously producesmulti-
ple copies of the same segment one after the other (Mertens and
Diprose, 2004; Yazaki and Miura, 1980). This would presumably allow
for such concatemeric variants to be made, even if rarely. Whatever
the model, it is likely that it does not represent a speciﬁc mechanism
for the formation of concatemers per se but is rather a reﬂection of the
‘normal’ replication process with an error prone polymerase. This idea
is perhaps supported by the interesting observation that, while RNA
concatemers were observed for large and small segments, no full-
length duplications were detected for RNAs larger than segment-9. It
is likely that the physical space available within the viral core limits
the size of segments that can a) be initially transcribed within the
core particle before transport out to the cell cytoplasm, and b) be pack-
aged into progeny particles during the completion of genome replica-
tion. Were larger concatemers made, but simply not packaged, we
would still presumably detect them by PCR from the mRNA population
butwe did not. Andwere concatemers synthesised for a speciﬁc purpose,
one might expect to see full-length duplications in larger segments.
In addition to their formation, questions remain over how conca-
temers become dominant in the RNA population. Generally speaking,
it is probably the minimal selection exerted on viral replication in tis-
sue culture that allows RNA variants such as concatemers (or indeed
Virus: BAR1983/01.  Segment: 9 
1168 bp 
550 bp 
A B 
C 
1094 bp 
560 bp 
Virus: AUS1981/06.  Segment: 9 
A B 
C 
Fig. 5. Low level concatemers detected in multiple viruses. Representative western
(BAR1983/01) and eastern (AUS1981/06) viruses are shown here. Concatemers were
detected by PCR in genome segment 9 of both viruses. Products A, B and C have all
been detected in BAR1983/01, suggesting complete concatemers exist at low levels
in this virus. Products A and C were detected in AUS1981/06, but not product B. This
suggests a partial duplication in this virus. Accession numbers for segment 9 of these
two viruses are AM745075 and AM745055 respectively.
169S.J. Anthony et al. / Virology 420 (2011) 164–171other examples of genetic rearrangements) to compete with the na-
tive population and become the dominant phenotype over time.
This has been demonstrated with EHDV in this study (with segments
9 and 10), and also previously with rotavirus (Cao et al., 2008; Troupin
et al., 2011). During natural transmission, it is likely that purifying selec-
tionmostly prohibits their ability to predominate in the population— atTable 1
Table of concatemers identiﬁed by RT-PCR. Both partial and full genome duplications (conc
ruses tested includes, BTV and EHDV, tissue-culture and puriﬁed viruses, eastern and weste
though most appeared to be partial gene duplications rather than full segment duplications.
duplication) is likely to be a factor of the segment size. PV = puriﬁed virus. TCSV = Tissue
Virus
species
Virus strain
(IAH ref number)
Western (W) or
eastern (E) virus
Segment Tissue Culture Sup
(TCSV) or puriﬁed
EHDV BAR1983/01 W Seg1 TCSV
EHDV BAR1983/01 W Seg3 TCSV
EHDV BAR1983/01 W Seg9 TCSV
EHDV BAR1983/01 W Seg10 TCSV
EHDV AUS1981/06 E Seg1 TCSV
EHDV AUS1981/06 E Seg3 TCSV
EHDV AUS1981/06 E Seg9 TCSV
EHDV AUS1981/06 E Seg10 TCSV
BTV RSArrrr/01 W Seg2 PV
BTV RSArrrr/01 W Seg6 PV
BTV RSArrrr/01 W Seg2 TCSV
BTV RSArrrr/01 W Seg6 TCSV
BTV RSArrrr/16 E Seg2 PV
BTV RSArrrr/16 E Seg6 PV
BTV RSArrrr/16 E Seg2 TCSV
BTV RSArrrr/16 E Seg6 TCSVleast in the case of an acute infection where variant RNAs do not have
much time to outcompete the native population. For the orbiviruses,
which undergo frequent ‘bottlenecks’ during natural transmission via
their insect vectors, purifying selection has a clear opportunity to pre-
vent such variants establishing themselves in the population. This
may explain why they are so rarely observed — especially in viruses
that have been recently isolated, and have undergoneminimal passage.
The segment-9 concatemer described in this report was detected in a
tissue-culture adapted virus— and it is not knownwhether itwas formed
prior to, or following, isolation in culture. It is probable that even if it was
formed prior to isolation, it was the effect of passage in culture that
allowed it to become dominant. We subsequently wondered whether
such a molecule could be stable enough to survive natural transmission
in the ﬁeld, assuming the presence of conditions that might allow it to
compete for dominance with native homologues (i.e. where selection
was relaxed). We have shown in this study that the introduction of
two ‘bottleneck’ passes did not re-establish the monomeric version of
the segment, suggesting either that the concatemer had completely
out-competed themonomer over time and that none actually remained
for selection to act upon, or that the selection of the concatemer offered
increased ﬁtness to the virus. In either case, the stability of the RNAafter
two bottleneck passes suggests that such variants could survive natural
transmission in the ﬁeld. In examples where amonomer and a concate-
mer were both present, selection seemed to favour the monomer. In
this study, we observed that concatemers could be generated easily in
other segments (for example, segment-10)whichquickly becamedom-
inant in the population. However, the phenotype reverted to the mo-
nomeric version when subjected to just one bottleneck pass. The
monomeric segment-10 was likely still present (although at a low
level), and was presumably preferentially selected for to maintain
ﬁtness of the population. Taken together, these data suggest that con-
catemers do not offer any increased ﬁtness to the virus, but rather are
simply able to outcompete monomers when selection is relaxed. This
supports data seen for rotavirus, which suggest that duplicated mole-
cules do not offer any growth advantage to the virus (Troupin et al.,
2011). Preliminary observational data on the growth of AUS1977/01
in mammalian cells further seems to show the same, that the concate-
mer in this virus strain does not offer any increased ﬁtness in terms of
viral propagation.
We further investigated the potential for the segment-9 concate-
mer to confer a selective advantage to the virus. Firstly, we investigat-
ed the possibility that the concatemer structure provides a functional
advantage in some way. The results presented demonstrate that the
concatemer is fully functional as a template for VP6, but that noatemers) could be detected in many different viruses and RNA segments. The list of vi-
rn strains and segments of all sizes. Gene duplications were identiﬁed in all viruses, al-
These data suggest that the size of the duplication (i.e.whether it is a full concatemeric
Culture Supernatant Virus.
ernatant Virus
virus (PV)
Product A detected
by PCR?
Product B
detected by PCR?
Product C
detected by PCR?
Yes No Yes
Yes No Yes
Yes Yes Yes
Yes Yes Yes
Yes No Yes
Yes No Yes
Yes No Yes
Yes No Yes
Yes No Yes
Yes No Yes
Yes No Yes
Yes No Yes
Yes No Yes
Yes No Yes
Yes No Yes
Yes No Yes
170 S.J. Anthony et al. / Virology 420 (2011) 164–171double-sized protein was produced. Given that duplication events
may have led to the evolution of larger genes and proteins in the orbi-
viruses (Anthony et al., 2009a, 2010; Belhouchet et al., 2010), it seems
likely that concatemers could provide an obvious mechanism by
which such variation is created over time. Equally, no signiﬁcant in-
crease in protein abundance was observed — although these data do
not demonstrate whether it is still possible for the second copy of seg-
ment 9 to be translated independently of the ﬁrst; essentially acting
as a second template for translation of the monomeric form of VP6.
Consecutive and non-lapping ORFs, separated by short untranslated
regions are found in other members of the Reoviridae (Asamizu
et al., 1985; Attoui et al., 2002; Azuhata et al., 1993; Guzman et al.,
2007; Marzachi et al., 1991) — but further studies are required to de-
termine if the same is true here. If both the upstream and down-
stream segments of the segment 9 concatemer were both translated
it would presumably give the virus a functional advantage in terms
of protein availability.
Secondly, we investigated whether having a second copy might offer
the virus a template free of selection that was able to accumulate muta-
tions at a higher rate, within a more genetically robust environment
(Elena et al., 2005); an idea proposed previously (Eaton and Gould,
1987). Subsequent deletion events in this ‘free’ gene might result in the
formation of novel RNAs and/or proteins. Although evidence for this hy-
pothesis can be found in rotavirus strains with rearranged genomes (Cao
et al., 2008; Gault et al., 2001; Gorziglia et al., 1989; Matthijnssens et al.,
2006a, 2006b; Palombo et al., 1998), the studies presented here were
not able to conclude whether this is also true for the orbiviruses, as
there were no mutations seen in either the upstream or downstream
copies of the segment following 40 passes in tissue culture. This could
be explained if the second half of the concatemer were acting as a tem-
plate for protein translation (as suggested above), or if EHDV generally
accumulates ﬁxed mutations in the dominant virus of a population at a
slow rate, as suggested byMurphy et al. (2005). It does not of course pre-
clude the possibility that signiﬁcant and sudden changes can (and likely
will) occur to the genome, if given sufﬁcient time. Indeed the evidence
perhaps suggests such random events to be the most likely mechanism
by which novel RNAs/proteins would be formed from concatemers,
given that orbivirus segments appear to evolve at a fairly equal rate
(Anthony, 2007; Carpi et al., 2010) yet show great differences in levels
of sequence diversity, and that duplication/deletion events have clearly
inﬂuenced the evolution of these viruses in the past (Anthony et al.,
2009a, 2010, Belhouchet et al., 2010).
In the absence of any evidence suggesting the concatemer offers a
selective advantage to the virus, the question therefore remains: how
are concatemers preferentially selected? In their report on rotavirus
genome rearrangements, Troupin et al. (2011) suggest that duplica-
tion of packaging signals may explain this selection. The speciﬁc packag-
ing signals for orbiviruses have yet to be deﬁnitively demonstrated —
although it is believed to involve speciﬁc recognition of terminal se-
quences. If true, and assuming that duplication of the packaging signals
does indeed promote increased selection, it suggests that packaging sig-
nals do not rely on their terminal position to be effective.
The mechanisms by which viruses generate and accumulate ge-
netic diversity are complex. It is clear that concatemers could provide
an important source of diversity in the molecular evolution of all
members of the family Reoviridae, and their further study is clearly
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